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Abstract
Correlation among transition temperature, in-plane Cu-O bond length, and tilt / buckling in cuprate su-
perconductors were examined in detail. As for cuprates with a single CuO2 layer, tilt structure was ob-
served in the region, whose in-plane Cu-O length was 1.906-1.926Å, and that the tilt structure drasti-
cally suppressed superconductivity. As for cuprates with double CuO2 layers, all the compounds had
buckling distortion in a CuO5 pyramid. The degree of distortion was determined only by a kind of ca-
tion between the two facing CuO5 pyramids, that is, calcium or yttrium. A higher transition tempera-
ture was obtained for a copper oxide with having larger Cu-O length and smaller buckling degree. A
common feature of layered cuprates was the existence of three major classes distinguished by the ca-
tions Ba2＋, Sr2＋, and Ln3＋ occupying the 9-coordination sites.
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1. Introduction
The highest Tc of cuprate superconductors is
achieved in structures with flat and square CuO2
layers and long apical Cu-O bonds1）. In other
words, the tilt/buckling of the CuO2 plane lowers
the transition temperature2-10）. This is because
the tilt/buckling and shortening of apical Cu-O
bonds would localize a hole11-13）.
On the other hand, the Cu-O bond length in
the CuO2 layer also strongly affects its Tc14）.
This is because the Tc is strongly correlated with
hole concentration; Hole-doping into the CuO2
plane removes electrons from 2p-3d（x2-y2）
bonds. Since the in-plane Cu-O bonds have anti-
bonding character, hole doping strengthens them.
Therefore, hole doping leads to shortening of the
in-plane Cu-O bond length.
The DV-Xα calculation for a CuO5 pyramid15）
shows that if a hole is doped to the CuO5 pyramid,
the hole is located almost in the Cu-O（plane）or-
bital, and that an increase in the Cu-O（apex）
length is effective in increasing the hole at the O
（apex）more than that in the Cu-O（plane）
length or buckling is. However, since these
parameters change simultaneously in many cases,
the correlation between the transition tempera-
ture and structural must be examined together for
various high-Tc and non-superconducting layered
cuprates.
We focused our attention on the Cu-O（plane）
length and flatness of the CuO2 plane because the
two parameters are directly correlated with the
bonding state between Cu3d（x2＋y2）and O2p orbitals,
through which superconductivity is induced. The
first purpose of this work is to examine in detail
the correlation between transition temperature,
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in-plane copper-oxygen bond length, and the
tilt/buckling of the CuO2 plane for cuprates, and
the second to examine the correlation between the
transition temperature and the in-plane copper-
copper bond length for layered cuprates.
2. Method of analysis
From many references containing both struc-
tural and superconducting data measured at room
temperature in the air, we picked up reliable data
of the in-plane Cu-Cu length（l）, Cu-O length（d）,
tilt（t,θt）, buckling（b,θb）, Tc, and electric
property of layered cuprates16-60）. However,
several cuprates whose accurate structure is not
reported are listed in Table 3 and 4 without values
of buckling for them. While the correlation be-
tween d and Tc is discussed in Fig. 1-3, that be-
tween l and Tc is discussed in Fig. 4, which in-
cludes the data of Table 3 & 4.
Some of crystal structure data came from
neutron powder diffraction（NPD）, while others
came from X-ray powder diffraction（XPD）be-
cause of lack of NPD data. The data refined by
XPD/NPD are marked in the tables. Standard
deviation of l estimated by NPD Rietveld refine-
ment, XPD Rietveld refinement and minimum
square method is around ±0.0002Å and ±0.002
Å, and ±0.005Å, respectively. Thus, the l, d, t,
and b values listed in tables 1-4 include some error
in the three decimal places.
The data of cuprates that we picked up are
those of optimally doped superconductors and
typical non-superconducting layered cuprates.
Definition of the in-plane Cu-Cu length（l）,
Cu-O length（d）and tilt（θt, t）or buckling
（θb, b）is displayed in Fig. 1. The values d and l
were calculated by averaging a- and b-axis length,
thus neglecting orthorhombic or monoclinic dis-
tortion of the CuO4/2.
For complicated layered cuprates such as Bi
（Pb）2223 or Tl2223 that has a modulated struc-
ture, several data reported by different groups are
referenced41-58）.
To elucidate the whole correlation between
the in-plane Cu-Cu length（l）and Tc, we also col-
lected the data of more than two hundred speci-
mens of over-, optimum-, and under-doped super-
conductors and of non-superconducting layered
cuprates. It is to be noted that the parameter l in-
stead of d is used in Fig. 6, because the position of
the oxygen site for some cuprates is not deter-
mined in detail. The estimated maximum differ-
ence between d and l/2 is about 0.02Å, which
does not affect the total trend so much.
3. Results and discussion
3-1 A single CuO2 layer
The layered cuprates with a single CuO2 lay-
er（n＝1）consist of so-called 1201 and 2201
phases. In table 1, l, d, t, θt, and Tc are listed.
The（In, Sc）Ba2CuOy compound with the
longest Cu-O length has double perovskite struc-
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ture17）. The fact that l of（In, Sc）Ba2CuOy com-
pound is much longer than that of the other
cuprate compounds is explained by the existence
of an oxygen vacancy in the CuO2 plane, leading
to be an insulator. The HgBa2CuOy is characteris-
tic of having a flat CuO2 plane and the highest Tc
of 98K among the n＝1 superconductors with a
single CuO2 layer18）. The Tl2Ba2CuOy（Tl2201）
is characteristic of having a flat CuO2 plane and
the second highest Tc of 95K among the n＝1 su-
perconductors19）. The structure of Bi2Sr2CuOy
（Bi2201）is homologous to that of the Tl2201 ex-
cept for having a modulated structure along the b-
axis. In cooperation with the modulation, the CuO2
plane is tilted. The electric property of the
Bi2201 is known to be semiconducting or super-
conducting blow 10K. The CuO2 plane of Ga（Sr1.1
La0.9）CuOy and Ga（Sr1.1Nd0.9）CuOy is tilted
and there exists an oxygen vacancy in a GaO
plane21,22） . The structure of the La2CuO4,
（La,Ba）2CuO4 and（La,Sr）2CuO4 are K2NiF4
type. While the structure of semiconducting La2
CuO4 is characteristic of having a tilted CuO2
plane, the structure of superconducting（La,Ba）2
CuO4 and（La,Sr）2CuO4 is characteristic of hav-
ing a flat CuO2 plane. Both of the Pb2Cu（Sr,La）2
CuO6 and（Pb,Cu）SrLaCuOy have a flat CuO2
plane. Their d values are located in the range of
1.885-1.894Å, and their Tc's are in the range of
28-37K.
In Fig. 2, the shape of CuO2 plane, Tc and
electric property are plotted against the length of
Cu-O in the CuO2 plane（d）. When d is smaller
than 1.896Å or larger than 1.923Å, no tilt is ob-
served. On the other hand, when the d ranges be-
tween 1.906-1.922Å, tilt of the CuO2 plane is
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shown.
Here we discuss the tilt region. It has already
been reported that the tilt distortion stabilizes the
CuO6 octahedron. Using an atom-atom pair
potential, including the Coulomb potential, short-
range repulsion, and van der Waals terms,
Piveteau et al. analyzed cohesive energy Ec of La2
CuO4 both in its tetragonal and orthorhombic
phases61）. As a result, Landau expansion of the
total energy with respect to the order parameters
was obtained numerically and the importance of
the coupling between the tilt and the movements
of the lanthanum atoms to stabilize the distorted
phase was emphasized. This large distortion will
stabilize the CuO6 octahedron. Since the CuO6 oc-
tahedron is originally symmetric, it will be distort-
ed as to split the energy level and to decrease the
total electron energy.
From these results, we believe that the tilt
distortion comes from the instability of（4＋2）
coordination of a CuO6 octahedron. This tenden-
cy is irrespective of a kind of the rare/alkali earth
ion（Ln, Sr, and Ba）occupying the 9-coordina-
tion sites（associated with a CuO2 layer having
apical oxygen atoms）.
On discussing the distortion of the cuprates
with a single CuO2 layer, the（Tl,Pb）0.5（CO3）0.5
Sr2CuOy compound plays a unique role. As shown
in Fig. 3, although it has a CuO6 octahedron, it is
heavily distorted; It has a buckling distortion in
the CuO2 plane, which has never been observed in
the CuO6 octahedral compounds else, and the two
Cu-O（apex）lengths are 6％ different each
other. The large distortion will stabilize the CuO6
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octahedron in cooperation with the Jahn-Teller
distortion.
Next, we focus our attention on Tc's. As
shown in Fig. 3, the highest Tc was correlated
with the kind of the rare/alkali earth ion. The
highest Tc's of n＝1 cuprates with having a CuO6
octahedron surrounded by Ln3＋, Sr2＋, and Ba2＋,
were 40, 70, and 100K, respectively.
On the other hand, tilt of the CuO6 octahe-
dron drastically suppressed superconductivity.
Suppression of superconductivity by tilt of
the CuO6 octahedron was reported by many
groups2-7）. Tight-binding band theory predicts
that the tilt of the CuO6 octahedron brings in a
small band splitting at the Brillouin zone bounda-
ry11）. Consequently, suppression of supercon-
ductivity by tilt is probably caused by localization
of holes.
3-2 Double CuO2 layers
YBa2Cu3Oy（YBCO or 1-2-3）allows a cer-
tain modification of its structure through variation
of the coupling between copper-oxygen chain lay-
ers. In particular, compounds with two chains
YBa2Cu4O8（1-2-4）or Y2Ba4Cu7O15（2-4-7）, and
the Pb2Cu（Y,Ca）Sr2Cu3Oy（3212）have been syn-
thesized via modification of a layer of Cu-O chains
into more complicated structure Pb2CuO2. Bi2
（Sr,Ca）3Cu2O8 and Tl2Ba2CaCu2O8 have analo-
gous structure, which is named 2212 structure.
All of them consist of stacking a block and double
CuO2 layers. Compounds TlBa2CaCu2Oy, and
HgBa2CaCu2Oy lie on another series of structure
called 1212, which has a single（MO）block layer
（M＝Hg and Tl）. In table 2, l, b, θb and Tc of
cuprates with double CuO2 layers are listed.
Otherwise n＝1 layered cuprates, bumpy distor-
tion of the double CuO2 layers is only buckling.
Further, while some CuO6 octahedra have a flat
CuO2 sheet, all CuO5 pyramids have buckling dis-
tortion. Universal buckling of the CuO5 pyramid
comes from asymmetry of the pyramid, which is
suggested by the fact that the Cux2＋y2 orbital is
bonded with the O2p orbital of surrounding oxygen
atoms in the CuO6 octahedron. Its bonding direc-
tion is towards the apex of the octahedron around
the Cu. If one oxygen atom of the octahedron is
removed, the other oxygen atoms surrounding the
Cu moves so as to compensate it, resulting in for-
mation of buckling CuO5 pyramid.
Fig.4 plots θb against l. While θb of cuprates
with yttrium between the double CuO2 layer
ranges from 164°to 167°, that with calcium
ranges from 174°to 179°. On the other hand, the
degree of buckling is not influenced by d. Since d
is strongly correlated with the kind of cation oc-
cupying the 9-coordination sites, it is concluded
that θb is determined only by the kind of ion be-
tween the double CuO2 layers, irrespective of the
in-plane Cu-O length. The difference in bonding
angle by the kind cation may be explained by
Coulomb attractive force between the cation and
oxygen in the CuO2 plane.
In Fig. 4, Tc is plotted against d, clearly in-
dicating that as d becomes larger and θb smaller,
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Tc becomes higher. Slope of Tc vs. d（ΔTc/Δd）
is 1500-3000 K/Å. The decrease in Tc by buck-
ling is explained by the change in electronic struc-
ture14）.
3-3 Triple and quadruple CuO2 layers（n＝3
and 4）
Layered cuprates with triple and tetra CuO2
layers are all on the homologous series of
A2B2Can-1CunO2n＋4 or AB2Can＋1CunO2n＋3, where
A＝Bi, Tl, Hg, and B＝Sr, Ba. These compounds
have triple or tetra CuO2 layers. The layers are
separated by an（AO）or（AO）2 block layer.
The CuO2 layers are composed of two CuO5
pyramids and one（n＝3）or two（n＝4）CuO4
sheets.
In table 3, l, d, b, θb and Tc of cuprates with
triple and tetra CuO2 layers are listed. Similar to
n＝2 compounds, bumpy distortion of the CuO5
pyramid is only buckling. The central planar CuO2
plane is reported to be flat in every case.
However, because of lack of accurate crystal-
lographic data, correlations among l, d, b, θb and
Tc have not been known yet.
3-4 Common feature of layered cuprates
（n＝1-4）
In Fig.5, Tc's of various kind of cuprate su-
perconductors are plotted against the Cu-Cu
length in the CuO2 plane, l. In addition to the data
listed in table 1-3 represented by circles, recent
data listed in table 4, those after Whangbo et
al.14）, and ours of Bi-based superconductors are
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plotted by squares, triangles, and pentagons,
respectively. Here, data of over- and under-doped
samples are included.
In spite of a drastic increase in the kind of
cuprate superconductors after the work by Whan-
gbo et al., the feature that the existence of three
major classes of Tc vs. l correlations（represent-
ed by solid lines）which are distinguished by the
cations Ba2＋, Sr2＋, and Ln3＋ occupying the 9-
coordination sites represented by green, yellow,
and red points, are unchanged. It is also con-
firmed that each class seems to have an optimum
value of l, 3.846, 3.820, and 3.776Å, respectively.
In average, the Ba-class has larger Cu-Cu length
than the Sr-class, and the Sr-class has larger Cu-
Cu length than the Ln-class. This is because the
in-plane Cu-Cu length is primarily governed by
the size of the 9-coordination site cation, and the
ionic radii of these cations increase in the order
Ln3＋＜Sr2＋＜Ba2＋.
Another remarkable feature is wide variation
of the Cu-Cu length for the Sr-class. While the
tolerance of the Ln- and Ba- class is about 0.05Å,
that of the Sr class is about 0.1Å. The wide toler-
ance region of the Sr class made it possible to syn-
thesize various Sr-contained compounds
represented by（M,Cu）Sr2YCu2Oy15）. Although
it is interesting that the Sr-class has about double
tolerance of the Cu-Cu length compared with the
Ln- and Ba-class, the reason is not so clear.
Maybe, stable phases besides the layered cuprate
will compete with the layered cuprate phase for
the Ba- and Ln- class. For example, it is reported
that（M,Cu）Sr2YCu2Oy is more stable than
（M,Cu）Ba2YCu2Oy62）.
The feature pointed out by Wangbo et al. tell-
ing that the slope of over-doped region of Tc vs.
Cu-Cu length of each class overlaps19）, was not
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confirmed by our result. Considering that the ra-
tio of itinerant holes in the CuO2 plane vs. local-
ized holes in the block layer is varied by both the
Cu-O bond and the Madelung potential around the
Cu-O bond correlated with crystal structure15）,
the hole doping level may be different one another
even if the Cu-O length is the same. Therefore, it
is expected that all slopes of over-doped region of
Tc vs. Cu-Cu length of each class may not overlap.
4. Conclusion
As for cuprates with a single CuO2 layer, a tilt
region, where the in-plane Cu-O length was be-
tween 1.906-1.923Å, was revealed. Tilt drasti-
cally suppressed superconductivity. As for
cuprates with double CuO2 layers, all the com-
pounds had buckling-type distortion in a CuO5
pyramid. The degree of distortion, θb was
164-167°and 174-179°when the kind of cation
between the two facing CuO5 pyramids was calci-
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um and yttrium, respectively. The highest transi-
tion temperature of 127K was obtained for HgBa2
CaCu2Oy with having largest Cu-O length and
smallest buckling degree.
As for layered cuprates（1≦n≦4）, among
transition temperatures, in-plane copper oxygen
bonds length and tilting/buckling of the CuO2
plane was examined. A common feature of the
layered cuprates was the existence of three major
class of Tc vs. Cu-Cu length, which is distin-
guished by the cations Ba2＋, Sr2＋, and Ln3＋ oc-
cupying the 9-coordination sites. Another
remarkable feature was wide tolerance of the Cu-
Cu length for the Sr-class. While the tolerance of
the Ln- and Ba-class was about 0.05Å, that of the
Sr class was about 0.1Å.
From the results, it is found that tilt/buckling
is strongly correlated with in-plane copper oxygen
bond length and that Tc's of the cuprate supercon-
ductor are correlated with both the in-plane cop-
per-oxygen bond length and the tilt/buckling of
the CuO2 plane. These facts suggest that the Tc is
primarily determined by the shape of the copper-
oxygen bond.
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